Group 2 innate lymphoid cells (ILC2) were recently characterized by their ability to produce significant amounts of type-2 signature cytokines and drive central beneficial and pathological features of type-2 immune responses. Although factors such as IL-33 and IL-25 were shown to have ILC2 activating capacity, it is not well understood, how ILC2 responses are regulated in vivo. Here we provide compelling evidence that IL-27-signalling directly inhibits ILC2 responses and reveal a novel mechanism for negative regulation of the innate arm of type-2 immunity. We demonstrate that IL-27-deficiency is linked to increased mucosal presence of ILC2 in a model of inflammatory lung disease. Moreover, IL-27-treatment inhibited ILC2 proliferation and cytokine production and significantly reduced their accumulation in vivo. During helminth infection, regulation of ILC2 by IL-27 directly impacted anti-parasitic immunity. Thus, therapeutic modulation of the IL-27/IL-27R axis may be relevant in a number of inflammatory conditions associated with dysregulated type-2 responses.
INTRODUCTION
Innate lymphoid cells (ILCs) are a recently characterized heterogeneous but developmentally related group of lymphoidlike innate immune cells that lack specific antigen receptors. Several studies in the last years have discovered that ILCs contribute in multiple ways to protection from helminth and bacterial infections and mediate tissue repair and wound healing processes in different anatomical compartments. 1, 2 Among ILC group 2 innate lymphoid cells (ILC2) are considered to be a particular ILC subset that drives central features of type 2 responses in vivo. ILC2 were characterized by their ability to produce significant amounts of the type 2 signature cytokines IL-5, IL-9 and IL-13 and intrinsic expression of several transcription factors such as Rora, 3, 4 Gata3, 5, 6 Gfi1 7 and Bcl11b [8] [9] [10] has been shown to be important for their developmental program. Moreover, ILC2 are relatively abundant in tissues harboring barrier functions such as gut, lung and skin and a critical role of ILC2 and ILC2-derived cytokines in the context of host protection and tissue repair during helminthic and viral infections and for metabolic body homeostasis has been demonstrated. [11] [12] [13] By contrast, dysregulated ILC2 activation was shown to promote chronic type 2 immune responses in mouse models of allergic airway hyperactivity and tissue fibrosis. [14] [15] [16] Several epithelial-derived or damage-associated cytokines such as IL-33, IL-25, TSLP and TL1a are well-known for their ILC2 activating capacity. Besides, autoregulatory IL-9 production and T cell-derived IL-2 stimulation support ILC2 maintenance during immune responses. 17, 18 However, not much is known about immunological factors that negatively modulate ILC2 proliferation and activation during prototypic type 2 immune responses.
The heterodimeric IL-12-related cytokine IL-27 was initially described as important trigger of proinflammatory Th1 responses. More recent studies implicated this factor in the negative regulation of Th17 cells, regulatory T cells and myeloid cells. [19] [20] [21] Moreover, in rather Th2-associated murine models of asthma or parasitic infections, IL-27Ra deficiency resulted in exacerbated lung pathology and airway hyperresponsiveness or increased anti-parasitic immunity. [22] [23] [24] While in these studies IL-27 regulation of Th2 cells was suggested to be primarily responsible for the altered disease phenotype of IL-27 Ra À / À mice, recent studies provided evidence that IL-27 as well as type I and type II interferons are able to suppress ILC2 responses in vitro and in vivo. 25, 26 To address the role of IL-27 signalling in the initiation phase of type 2 responses, we examined here the potential of IL-27 as regulator of innate type 2 responses in mouse models of lung inflammation and primary helminth infections. We show that IL-27 receptor signalling directly regulates ILC2 responses and that this interaction profoundly affected the extent and quality of the type 2 response in vivo. Thus, suppression of ILC2 functions by IL-27 represents a novel mechanism for the negative regulation of the innate arm of type 2 immunity.
RESULTS

Lung accumulation of ILC2 cells in type 2 immune responses is increased in the absence of IL-27
Although IL-27 has been recognized as a regulator of adaptive immune responses for several years now, its function in controlling innate immunity remains to be fully characterized. Interestingly, IL-27 protein and transcripts of the IL-27 subunits Ebi3 and p28 were increased in C57BL/6 mice subjected to experimental airway inflammation induced by repeated intranasal treatment with the plant-derived cysteine protease papain, a prototypic allergen that was previously shown to rapidly and strongly trigger type 2 immune responses (Figures 1a and b Figure 1c) . Recently, cytokine production by ILC2 in response to epithelial-derived cytokines such as IL-33 or TSLP was shown to be vital for eosinophilia during protease allergen induced lung inflammation. 15, 17 To study whether differences in the ILC2 lineage may contribute to increased eosinophilia in the absence of IL-27, we therefore next compared lung ILC2 amounts in wildtype and Il27p28-or Ebi3 deficient mice. In the steady state, lung ILC2 numbers were comparable between the three groups (Supplementary Figure 1 online). However, lung ILC2 numbers were substantially higher in both IL-27 deficient strains after challenge with papain ( Figure 1d) . Accordingly, IL-13 producing lung ILC2 (Figure 1e ) and the concentrations of IL-5 and IL-13 in BAL (Figure 1f) are increased in the context of IL-27 deficiency compared to wild-type controls suggesting that IL-27 controls lung innate type 2 immune cell activation in vivo.
IL-27 receptor signalling negatively regulates ILC2 activation in vitro and in vivo
The IL-27 receptor complex is comprised of the more selectively expressed IL-27 Ra chain and the ubiquitously present gp130 protein. 27 Microarray or RNaseq analysis of sort purified ILC2 from spleen, 28 lung 29 and gut 30 demonstrated a strong presence of IL-27 Ra transcripts in these cells suggesting that IL-27 directly regulates ILC2 functions. To study whether IL-27 stimulation affects ILC2 directly, we therefore purified ILC2 from mice and exposed these cells in vitro to IL-27. Notably, IL-27 decreased the IL-33 þ IL-7 stimulation-dependent upregulation of IL-13 and IL-5 intracellular expression ( Figure 2a ) and secretion ( Figure 2b) . Moreover, flow cytometric analysis of stimulation-dependent ILC2 proliferation by CFSE dilution assay or WST-1 proliferation assay demonstrated that IL-27 inhibited their cytokine dependent expansion (Figures 2c and d) .
Having shown that IL-27 regulates ILC2 responses in vitro, we now wanted to test, whether IL-27 also regulates ILC2 functions in vivo. As we and others have shown that treatment of mice with these cytokines leads to strong proliferation and activation of ILC2 in different compartments of the body, 14, 31, 32 we studied IL-33-and IL-25-dependent in vivo expansion of ILC2 in the absence or presence of IL-27 overexpression. To allow live imaging of ILC2 by flow cytometry or in vivo imaging, we crossed mice expressing Cre recombinase under control of the endogenous Rora promoter with Rosa26-eYFP mice, in which a yellow (eYFP) fluorescent protein is expressed only after Cre-mediated excision of a loxP-flanked translational stop signal. Given that the transcription factor Rora is strongly expressed in ILC2, these cells are marked by a non-reversible fluorescence signal that allows their identification and fate mapping in vitro and in vivo (Supplementary Figure 2a) . To study the effects of IL-27 on the in vivo generation of ILC2, we expressed IL-33 in Rora Cre Rosa26-eYFP reporter mice by hydrodynamic delivery of minicircle DNA as described 14 ( Supplementary Figure 2b) . Expectedly, IL-33 vector treatment resulted in considerably increased numbers of Lin
þ ILC2 in lungs of these mice. By contrast, co-administration of IL-27 expression vector significantly decreased IL-33 dependent lung ILC2 accumulation and activation (Figure 3a) . Likewise, in vivo ILC2 expansion in lungs by IL-25 vectors was strikingly inhibited in the presence of IL-27 (Supplementary Figure 2c) . Similarly, IL-27 negatively regulated IL-33-and IL-25-dependent ILC2 proliferation and activation in other organs such as liver, spleen and mesenteric lymph nodes (not shown). Earlier studies have demonstrated that IL-27 drives naïve Th1 differentiation and IFN-g production by T cells and NK cells. 33, 34 Given that IFN-g has lately been shown to be an inhibitor of IL-33 mediated ILC2 activation, 35 we questioned whether the suppressive capacity of IL-27 on the ILC2 lineage in vivo was related to potential effects on IFN-g. However, although IFN-g treatment diminished ILC2 numbers as previously demonstrated ( Supplementary  Figure 3a) , IL-27 vector administration profoundly inhibited lung ILC2 accumulation in IFN-g deficient mice (Supplementary Figure 3b) . Importantly, IL-10, a further cytokine implicated in the immunregulatory functions of IL-27 36 was not able to surrogate for IL-27 in a similar experimental setting (Supplementary Figure 3c) indicating that IL-27 induced IFN-g or IL-10 production by T cells or other immune cells does not significantly contribute to the blunted ILC2 response in the presence of IL-27. In line with this, we also observed negative regulatory effects of IL-27 on ILC2 in lymphopenic Rag1
À / À mice (not shown).
To further determine whether intrinsic IL-27 signalling directly affects ILC2 functions, we next adoptively transferred lethally irradiated congenic C57BL/6 mice with mixed bone marrow from wildtype (CD45.1) and IL-27Ra Figure 3b ) and livers ( Figure 3c ). These data indicate that ILC2 intrinsic IL-27 signalling negatively regulates ILC2 responses in vivo. To evaluate whether IL-27 restrains ILC2 expansion during experimental lung inflammation, we next overexpressed IL-27 in mice subjected to papain treatment. In this setting, IL-27 profoundly reduced lung ILC2 numbers and production of IL-5 and IL-13 cytokines (Figure 3d) . Moreover, IL-27 treatment diminished allergen-dependent pulmonary tissue remodeling and goblet-cell functions ( Figure 3e ) further indicating that IL-27 is a negative regulator of ILC2-mediated innate type 2 responses in this model.
Activation of the transcription factor Stat3 blocks ILC2 responses
IL-27 signaling to target cells is mediated by activation of the Jak-Stat pathway and selective activation of particular Stat transcription factors in responsive cells drives the cell type specific transcriptional program induced by IL-27 in these cells. Among Stats, predominantly Stat1 and Stat3 were shown to be selectively phosphorylated by IL-27. 37 To determine which Stat proteins are activated in response to IL-27 binding to its receptor, sorted ILC2 were treated in vitro with rIL-27 and subsequently phosphorylation of Stat proteins was determined by Western blot analysis. In line with a previous report, we observed Stat1 tyrosine phosphorylation (Tyr701) in this setting (not shown). 26 However, IL-27 stimulation also resulted in rapid and strong tyrosine phosphorylation of the transcription factor Stat3 (Tyr705) in ILC2 (Figure 4a) . Accordingly, we next evaluated, whether forced activation of Stat3 in ILC2 affected their cytokine-mediated expansion in vivo. To this end, we overexpressed IL-33 in mice expressing a constitutively active version of Stat3 (Stat3c, 38 ) in ILC2 using RoraCre-mediated recombination. At day 5 after initiation of IL-33 expression, the amount of ILC2 in the lungs ( Figure 4b) (Figures 4c  and d) . The inability of these mice to mount strong ILC2 responses after papain challenge was further supported by a significantly reduced presence of IL-13 producing lung ILC2 (Figure 4e) . Furthermore, histological comparison of tissue sections of these groups of mice by H&E and PAS staining showed substantially less allergen-dependent inflammatory changes and mucus production in lungs of Rora Cre Stat3c flox mice (Figure 4f ) than in the controls. In summary, these results clearly demonstrate that Stat3 activation in ILC2 protects mice from excessive type 2 mediated inflammatory lung responses. 
Negative regulation of ILC2 by IL-27 directly impacts anti-parasitic immune responses in vivo
Several previous studies in the N. brasiliensis model clearly indicated that ILC2 rapidly expand during helminth infections and moreover, ILC2-derived cytokines, particularly IL-13, finally drive worm clearance in the course of a primary infection. 28, [39] [40] [41] In order to evaluate the role of IL-27 on ILC2 functions in this model, we experimentally infected Ebi3
À / À mice and control mice with 500 L3 stage N. brasiliensis larvae and enumerated ILC2 in lungs of these mice by flow cytometry. As a result, IL-27 deficieny was associated with significantly increased numbers of ILC2 in lungs ( Figure 5a ) and tracheal lymph nodes (tLN, Figure 5b ) at day 7 post infection. Consistently, increased production of IL-5 and IL-13 was observed in sera (Figure 5c ) and stimulated lung cells (Figure 5d ) of infected Ebi3 À / À mice. Moreover, the increased total abundance and activation of ILC2 in these mice was associated with augmented ability to expel worms from their small intestines (Figure 5e) . Notably, increased worm expulsion in Ebi3 À / À mice was accompanied by increased hyperplasia and activation of small intestinal goblet cells as indicated by enhanced PAS-staining in tissue sections (Figure 5f ) and an increased transcript abundance of the goblet cell markers Retnlb and Muc5ac (Figure 5g) . Moreover, we observed significantly elevated IL-13 gene expression in guts of infected Ebi3 À / À mice compared to wildtype controls suggesting that in these mice augmented ILC2 functions support antiparasitic immunity via IL-13 dependent goblet cell activation (Figure 5h) . Conversely, IL-27 vector treatment of N. brasiliensis infected C57BL/6 mice led to diminished ILC2 (Figures 6a and b) and eosinophil ( Figure 6c ) accumulation as well as decreased IL-13 production (Figure 6d) . Notably, decreased goblet cell hyperplasia in the IL-27 vector treated group (Figure 6e ) was accompanied by delayed parasite clearance in these mice (Figure 6f ) further supporting the concept that that IL-27-dependent negative regulation of type 2 responses impacts anti-helminthic immunity.
The presence of the transcription factor Rora is required for ILC2 development and mice lacking a functional Rora protein fail to expel N. brasiliensis worms from their guts efficiently. 3, 4 In order to further ascertain the functional role for IL-27 R signaling in ILC2 during helminth infections, we expressed IL-27 in lethally irradiated mice that received bone marrow from Rora-gene targeted mice and infected them with N. brasiliensis larvae. Subsequently, these mice received adoptive transfer of purified ILC2 isolated from wildtype mice or IL-27 signalling deficient WSX-1 (IL-27 Ra) À / À mice 
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MucosalImmunology | VOLUME 9 NUMBER 6 | NOVEMBER 2016 respectively. Strikingly, at day 8 post infection small intestinal worm burdens in mice that received BM of WSX-1 À / À mice were significantly lower than in control mice adoptively transferred with wildtype BM. This was accompanied by augmented hyperplasia of intestinal goblet cells (Figure 6g) .
Collectively, these data demonstrate that regulation of ILC2 by IL-27 directly impacts anti-parasitic immune responses in vivo.
DISCUSSION
Type 2 cytokine responses have crucial host-protective functions during parasitic infections and tissue repair. Though, dysregulated type 2 immunity has been related to the pathogenesis of many allergic and fibrotic disorders. 1 The type 2 inflammatory response is characterized by complex interactions of several innate cellular players including eosinophils, basophils, mast cells and alternatively activated macrophages. 42 Recently, ILC2 have been demonstrated to be important early innate mediators of prototypic type 2 responses. 11 They have been shown to secrete tissue repair factors like amphiregulin and regulate via constitutive and inducible production of IL-5, IL-9 and IL-13 steady state and inducible numbers of eosinophils and alternatively activated macrophages. In contrast, dysregulated ILC2 activation has been strongly implicated in chronic inflammatory immune responses that contribute to organ destruction and tissue remodeling. 1 Overall, published data clearly suggest that a detailed understanding of pathways that regulate ILC2 functions may be fundamental for a broad understanding of type 2-mediated inflammatory processes at mucosal surfaces and other parts of the body. However, how factors of the immune system control ILC2 and their effector functions and maintenance is not well understood. In the present study we provide evidence that IL-27 receptor signalling directly regulates ILC2 responses in vivo and reveal a novel mechanism for the negative regulation of the innate arm of type 2 immune responses. We and others have previously shown that IL-27 strongly promotes Th1-mediated immunity, whereas functions of Th17 cells, induced regulatory T cells and some cell types of myeloid origin were diminished by this cytokine. [19] [20] [21] 43, 44 In addition, Artis et al. established a role of IL-27 signaling in mast cells and Th2 cells that affected effective anti-helminth immunity. 22 In line with this, the induction of IL-27 has been shown to limit the exacerbated Th2 responses in experimental asthma. 24, 45, 46 Given that activated ILC2 not only trigger the early inflammatory response, but also contribute to Th2 cell differentiation via IL-13 production 47 and MHCII/TCR interaction, 48 those findings may be at least partially related to IL-27 inhibitory effects on ILC2 that we describe here. The molecular mechanism of the suppressive effect of IL-27 on ILC2 remains to be fully determined. Recent reports indicated that IFN-g, type I IFNs and IL-27 suppress ILC2 via Stat1 activation. 25, 26 We observed in addition to Stat1 activation also rapid Stat3 phosphorylation in ILC2 in vitro in response to IL-27 and Stat3 overactivation in ILC2 in transgenic mice prevented their efficient cytokine-dependent accumulation in vivo. IL-27 was previously shown to antagonize Th2 cells by regulation of the major transcriptional regulator Gata3. 49 Moreover, Stat3 has been implicated in IL-27 dependent Gata3 suppression in mucosal FoxP3 þ Treg 50 and Stat3 activation reduced Gata3 expression in T cells.
51 ILC2 development and functions critically depend on Gata3, suggesting that a similar mechanism may also account for the negative regulation of ILC2 by IL-27-dependent Stat1 or Stat3 activation. Interestingly, forced activation of Stat3 in ILC2 by expressing a constitutively active form under regulation of the Rora gene promoter profoundly diminished protease induced allergic inflammation further indicating that suppression of ILC2 by manipulation of common signalling pathways is sufficient to prevent disease development. By contrast, activation of Stat5 by factors such as IL-2, IL-7 and TSLP has been connected to enhanced Gata3 activity and type 2 cytokine production in ILC2. 18, 52 Further studies including mice with conditional inactivation of particular Stat factors in ILC2 are required to fully understand the molecular signalling events in ILC2 that are activated by IL-27 receptor signalling.
Previous work demonstrated that the Th1 signature cytokine IFN-g crossregulates Th2 responses and IL-27 induction of IFN-g expression in T cells and natural killer cells (NK) cells has been implicated in its suppressive capacity. 37 While we provide multiple lines of evidence for a functional ILC2 intrinsic IL-27 receptor signalling, Molofsky et al. found in a recent study that IFN-g profoundly inhibited ILC2 cytokine production and cellular proliferation. 35 We demonstrate here that IL-27 efficiently suppressed ILC2 accumulation in IFN-g À / À mice indicating that IL-27 may counterregulate ILC2 by multiple mechanisms. Similarly to IL-27, IFN-g administration diminished eosinophilia and delayed expulsion of adult worms in the N. brasiliensis model. 53 However, we did not measure increased IFN-g levels after IL-27 injection in both N. brasiliensis infected and papain-treated mice. Moreover, in the context of IL-27 deficiency, IFN-g concentrations were not reduced in both models (not shown) indicating that in these models, IL-27 induced IFN-g does not largely contribute to the regulatory effects of IL-27 on ILC. However, the IL-27/IFN-g/ILC axis may be more relevant in settings, where IL-27 dependent IFN-g induction is critical for disease control or manifestation. Although gene expression data indicate that ILC2 express the IL-10 receptor chains 30 and IL-10 primarily mediates its suppressive functions via Stat3, 54 our data indicated that IL-27 induction of IL-10 e.g. by Tr1 cells is also not substantially relevant in these settings.
Collectively, our in vitro and in vivo findings provide clear evidence that IL-27 receptor signalling directly regulates ILC2 responses and reveal a novel mechanism for the negative regulation of the innate arm of type 2 immune responses. Given that ILC2 are increasingly recognized as innate cell population that drives central features of type 2 responses in vivo, our data here extend the knowledge about their regulation in vivo and about the pleiotropic immunoregulatory functions of IL-27. Thus, therapeutic modulation of the IL-27/IL-27 Ra axis may be relevant in a number of human inflammatory conditions associated with dysregulated type 2 responses. 38 Bone marrow of Rora Cre Rosa26Stat3c stopfl/fl mice or littermate controls was adoptively transferred to lethally irradiated (10 Gy) C57BL/6 recipient mice. In all experimental procedures, 8-to 12-week-old background, age-and sex-matched mice were used. Rora sg/sg mice were used shortly after weaning to generate BM chimeras. Animal experiments were approved by the governments of Rheinland-Pfalz and Mittelfranken.
In vivo expression of cytokines. The generation of IL-25 and IL-33 minicircle-based vectors was described previously by us. 14 Similarly, an expression cassette encoding for a bioactive single-chain EBI3:p28 heterodimer was cloned in to the SpeI and SalI sites of pMC-Hep. DNAs were isolated with Qiagen Plasmid-Maxikits including endotoxin removal. Subsequently, the DNA was treated with Miraclean endotoxin Removal Kits (MirusBio Madison). 2,5-10 mg of DNA were administrated in Krebs-Ringer solution to mice via hydrodynamic tail vein injection. In all treated mice, serum concentrations of the relevant cytokines were deterimend by ELISA to monitor successful administration. ILC2 isolation and culture. Immune cells were isolated from lung, liver, lymph nodes or spleen with the gentleMacs device according to manufacturer's instructions (Miltenyi Biotec).
For generation of large ILC2 numbers for in vitro studies, ILC2 were expanded in vivo by treatment of mice with IL-33 as described previously.
14 5 days later ILC2 were purified from spleens and MLN by magnetic separation using a combination of biotinylated antibodies including CD3e, CD5, CD11b, CD11c, CD45R, Ly-6B.2, Ter119, Siglec-F, NK1.1 and Gr-1 followed by incubation with anti-biotin microbeads. Further purification was achieved by FACS using a FACSAria II device in the Core Unit Cell Sorting Erlangen.
Assessment of cell proliferation. Purified ILC2 were stimulated with 10 ng/ml rIL-33 (ImmunoTools) and rIL-7 (Miltenyi Biotec) in combination with 20 ng/ml rIL27 (BioLegend) for 72 h, WST-1 proliferation reagent (Roche) was added (1:10 dilution) and incubated at 371C. The absorbance was measured at 450nm. Alternatively, ILC2 were labeled with 5 mM CFSE (Invitrogen), stimulated with the aforementioned recombinant proteins for 72 h and CFSE dilution was measured by flow cytometry.
Helminth infection protocol. Mice strains were subcutaneously inoculated with 500 viable L3 larvae of N. brasiliensis. Mice were maintained on water containing 1 mg/mL of sulfadoxin and 0.2 mg/mL of trimethoprim for 5 d and sacrificed and euthanized at day 7-9. Tissue was collected for further analysis (histology, qRT-PCR, flow cytometry) and worm burdens in small intestines were enumerated in dissected tissue under a dissecting microscope (Olympus SZX7). In some experiments, wildtype mice were treated with IL-27 vector injection five days prior to infection.
Papain induced airway-inflammation. Mice were anesthetized with isoflurane and exposed intranasally to 50 mg papain (Merck) in 20 ml PBS on days 0, 1, 2 and analyzed on day 3. Alternatively, 25 mg papain was inhaled on day 0, 3 and 6; 7 d later mice were re-challenged and the experiment was analyzed at day 17. Serum was collected and stored at -20 1C for further analysis. In some experiments, wildtype mice were treated with IL-27 vector five days prior to papain challenge.
Bone marrow chimeras. For generation of bone marrow chimeras, bone marrow cells (1 x 10 7 ) obtained from femurs and tibias of donor wildtype, WSX-1 À / À or Rora sg/sg mice were i.v. injected into lethally irradiated (10 Gy) C57BL/6 recipient mice. After 8 weeks, the animals were injected with IL-27 vector after two days and infected with N. brasiliensis followed by adoptive transfer of 2x10 6 purified wildtype or WSX-1 À / À ILC2. The experiment was analyzed 8 d.p.i.
ELISA. For determination of mouse IFN-g, IL-5, IL-10, IL-13, IL-25, IL-27 and IL-33 concentrations in sera and cell culture supernatants specific ELISA Kits from BioLegend and eBioscience were used according to manufacturer's instructions.
Gene expression analysis. Total RNA from snap-frozen tissues was isolated with RNeasy mini kits according to the manufacturer's instructions (Qiagen). cDNA was generated using the Script RT-PCR kit from Jenabioscience (Jena, Germany). qRT-PCR analysis was performed using QuantiTect Primer assays from Qiagen in a CFX96 system (Bio-Rad). Relative differences between samples were calculated using hprt as reference gene.
Statistical analysis. Student's t-test or Mann-Whitney U tests were performed with Graphpad 6 software (Prism). P-values o0.05 with a 95% confidence interval were considered significant.
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